Phosphatidylinositol-3-phosphate [PtdIns(3)P] regulates endocytic and autophagic membrane traffic. In order to understand the downstream effects of PtdIns(3)P in these processes, it is important to identify PtdIns(3)P-binding proteins, many of which contain FYVE zinc-finger domains. Here, we describe a novel giant FYVE-domaincontaining protein, named autophagy-linked FYVE protein (Alfy). Alfy is ubiquitously expressed, shares sequence similarity with the Chediak-Higashi-syndrome protein and has putative homologues in flies, nematodes and fission yeast. Alfy binds PtdIns(3)P in vitro and partially colocalizes with PtdIns(3)P in vivo. Unlike most other FYVE-domain proteins, Alfy is not found on endosomes but instead localizes mainly to the nuclear envelope. When HeLa cells are starved or treated with a proteasome inhibitor, Alfy relocalizes to characteristic filamentous cytoplasmic structures located close to autophagic membranes and ubiquitin-containing protein aggregates. By electron microscopy, similar structures can be found within autophagosomes. We propose that Alfy might target cytosolic protein aggregates for autophagic degradation.
Introduction
Phosphoinositides, phosphorylated derivatives of the membrane lipid phosphatidylinositol, regulate cytoskeleton function, membrane trafficking and receptor signalling through reversible recruitment of protein complexes to specific membranes (Yin and Janmey, 2003; Toker, 2002; Simonsen et al., 2001 ). Phosphatidylinositol-3-phosphate [PtdIns(3)P] is formed by the phosphorylation of phosphatidylinositol by (mainly) class III phosphoinositide 3-kinases (PI-3-kinases) (Vanhaesebroeck et al., 2001 ). This lipid is crucial for endocytic and autophagic membrane traffic (Simonsen et al., 2001 ) and we are beginning to learn some of the underlying molecular mechanisms.
The identification of two conserved protein domains that bind PtdIns(3)P with high specificity has facilitated the analysis of the downstream functions of this lipid. The FYVE domain is a ~70-residue zinc finger found in 27 human proteins ). All FYVE domains tested to date have been found to bind to PtdIns(3)P, although a few examples that lack one or more consensus residues bind with lower affinity and also show some affinity for the structurally related phosphoinositide PtdIns(5)P (Sankaran et al., 2001 ). The Phox-homology (PX) domain is a ~100-residue β-sandwich found in about 40 human proteins (Ellson et al., 2002) . Most PX domains bind specifically to PtdIns(3)P, although some bind to other phosphoinositides. In order to learn more about how PtdIns(3)P regulates membrane trafficking, it is important to study the functions of various proteins that contain FYVE or PX domains, and several mammalian PtdIns(3)P effectors in endocytic membrane trafficking have already been identified (Simonsen et al., 1998; Raiborg et al., 2002; Nielsen et al., 2000; Ikonomov et al., 2003) . Although three PtdIns(3)P effectors have been identified for the autophagy-related cytoplasm-to-vacuole targeting (Cvt) pathway in yeast (Wurmser and Emr, 2002; Nice et al., 2002) , no mammalian PtdIns(3)P effectors in autophagy have been identified so far. We find it likely that such effectors exist among the many FYVE-and PX-domain-containing proteins with uncharacterized functions.
In this paper, we describe a novel 400-kDa FYVE-domaincontaining protein, named autophagy-linked FYVE protein (Alfy). We show that Alfy binds to and partially colocalizes with PtdIns(3)P, and that it colocalizes with autophagic but not endocytic markers. We present evidence that Alfy might serve as a link between protein aggregates and the autophagic machinery.
Plasmid constructs
We were unable to subclone Alfy in one piece into a mammalian expression vector, probably because the large size of the cDNA makes it prone to recombination. We have therefore based all our immunofluorescence and electron microscopy (EM) experiments on endogenous Alfy detected using a polyclonal rabbit anti-Alfy antibody. pMAL-AlfyCT639 was generated by subcloning the Cterminal 1917 nt from Alfy into pMAL-c2 (New England Biolabs). pcDNA3-myc-Alfy2587-3527 was prepared by amplifying the relevant part of Alfy and subcloning it behind the Myc epitope of pcDNA3-myc (Raiborg et al., 2001) . Human Atg5 cDNA [we here use the nomenclature by Klionsky et al. for components of the autophagic machinery (Klionsky et al., 2003) ] was amplified by PCR from the human brain Marathon Ready cDNA and subcloned into pEGFP-c1 (Clontech). Human LC3-B cDNA was amplified by PCR from the human brain Marathon Ready cDNA and subcloned into pEGFP-C-1 (Clontech). pGEX-Alfy-FYVE was prepared by PCR amplifying the region corresponding to the FYVE domain (residues 3451-3516) of Alfy and subcloning into pGEX-5X-3 (Amersham Pharmacia). For expression of maltose-binding protein (MBP) or glutathione-Stransferase (GST) fusion proteins in Escherichia coli, the relevant pMAL or pGEX constructs were transformed into E. coli BL-21 (DE3) cells, and the proteins were purified according to the manufacturers' instructions.
Cell culture and transfections
Media and reagents for cell culture were purchased from Gibco. HeLa cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% foetal calf serum (FCS), 5 U ml -1 penicillin and 50 µg ml -1 streptomycin. For serum and amino acid starvation conditions, cells were washed three times in Hanks' balanced salt solution (HBSS) and thereafter incubated in the same medium for the indicated time period. Cells were transfected with the above expression plasmids using the FuGENE-6 reagent (Roche Molecular Biochemicals) as described by the manufacturer.
Antibodies and fluorescent probes
Two peptides corresponding to amino acids 2969-2984 (FKKPHPPKRVRSRLNG) and 3302-3316 (SQPSSTSHRPRAASC) of Alfy were synthesized, coupled together to keyhole limpet haemocyanin and used for immunization of two rabbits to raise antisera (Eurogentech, Herstal, Belgium) . A BLAST search of the human genome showed that these peptides are only found in Alfy. Sera were affinity purified against a recombinant MBP-AlfyCT639 fusion protein coupled to Affi-gel 15 (Bio-Rad, Hercules, CA) as described by the manufacturer. Mouse monoclonal antibodies against the c-Myc epitope was from the 9E10 hybridoma (Evan et al., 1985) . Human anti-EEA1 serum was a gift from B.-H. Toh (Monash University, Melbourne, Australia). Mouse anti-human LAMP-1 was from Developmental Studies Hybridoma Bank (The University of Iowa, IA, USA). Mouse anti-ubiquitin antibody (FK2) was from Affiniti (Exeter, UK). Rabbit anti-rat LC3 antibody has been described before . Horseradish-peroxidase (HRP)-labelled goat anti-rabbit antibody, HRP-labelled goat anti-mouse antibody, Cy3-labelled goat anti-rabbit antibody, Cy2-labelled goat anti-mouse antibody and FITC-labelled goat anti-human antibody were all purchased from Jackson Immunoresearch (West Grove, PE, USA). A fusion between GST and a tandem FYVE domain from hepatocyte growth factor regulated tyrosine kinase substrate (Hrs) (GST-2×FYVE) was purified as described previously (Gillooly et al., 2000) and labelled with Alexa-488 (Molecular Probes, Oregon, USA) according to the manufacturer's instructions.
Immunoblotting
To determine the tissue-specific distribution of Alfy, various cell lines and mouse tissue were homogenized in homogenization buffer (20 mM Hepes pH 7.2, 100 mM KCl, 2 mM MgCl2 and a protease inhibitor cocktail) by six passages through a G22 syringe. After centrifugation for 5 minutes at 6000 g, 60 µg of protein of each post-nuclear supernatant (PNS) was subjected to sodium-dodecylsulfate polyacrylamide-gel electrophoresis (SDS-PAGE) (6% polyacrylamide) and transferred onto Immobilon-P membrane (Millipore, Bedford, MA) for immunoblotting with affinity-purified rabbit anti-Alfy antibody, followed by a goat anti-rabbit HRP-labelled antibody. The blot was developed with the SuperSignal ® West Pico Chemiluminescent substrate kit (Pierce, Rockford, IL). To analyse the intracellular distribution of Alfy, PNS from HeLa cells (prepared as described above) were centrifuged for 30 minutes at 100,000 g to obtain cytosol and membrane fractions. The nuclear fraction was obtained by washing the nuclear material twice in a lysis buffer (1% Triton X-100, 10 mM Na2HPO4, 0.1 M NaCl, protease inhibitor cocktail) containing 0.4 M sucrose. The nuclei were then centrifuged (1500 g) through 0.7 M sucrose in lysis buffer before the pellet was subjected to SDS-PAGE (6% polyacrylamide) and immunoblotting as described above. To investigate whether Alfy was a peripheral membrane protein, PNS from HeLa cells was incubated with homogenization buffer alone or buffer containing 1 M NaCl or 0.1 M Na2CO3 pH 11 for 30 minutes on ice before preparation of cytosol and membrane fractions, SDS-PAGE and immunoblotting as described above.
Liposome-binding assay Liposome-binding experiments were carried out as described (Patki et al., 1997) . Liposomes were prepared using an equal mixture of phosphatidylserine and phosphatidylinositol, with 5% PtdIns(3)P included at the expense of phosphatidylinositol. Lipids were dissolved under nitrogen and resuspended in 50 mM Hepes pH 7.4, 100 mM NaCl, 0.5 mM EDTA. Resuspended lipids were sonicated and liposomes collected by centrifugation at 16,000 g for 10 minutes. Liposomes were resuspended at a concentration of 2 mg ml -1 in Hepes buffer supplemented with phosphatase inhibitor cocktail II (Sigma). Aliquots of liposomes (typically 300 µl) were incubated with HeLa cytosol (typically 200 µl of 2.5 mg ml -1 cytosol) for 15 minutes at room temperature with rolling. Liposomes were collected by centrifugation, the cytosolic supernatant (S) removed and the liposome pellet (P) resuspended in 25 µl Hepes buffer. Samples were analysed for the presence of Alfy by 7.5% SDS-PAGE and immunoblotting using the anti-Alfy antibody.
Protein-lipid overlay assay Nitrocellulose membranes containing spotted phosphoinositides and other lipids (PIP strips) were purchased from Echelon Research Laboratories (Salt Lake City, Utah). Membranes were blocked with 3% fatty-acid-free bovine serum albumin (BSA) (Sigma Aldrich) in TBS-T (10 mM Tris-HCl (pH 8), 150 mM NaCl, 0.1% Tween-20) for 1 hour at room temperature. Blocked membranes were incubated overnight at 4°C with 1 µg ml -1 GST fusion proteins in TBS-T. The membranes were then washed four times for 10 minutes in TBS-T. After washing, membranes were incubated with monoclonal anti-GST antibody (1/1000 dilution; Sigma Aldrich) for 2 hours at room temperature followed by additional washing and incubation with HRP-conjugated antibody (Jackson ImmunoResearch Laboratories). After final washing, lipid-bound GST fusion proteins were detected by chemiluminescence.
Confocal fluorescence microscopy
All immunofluorescence microscopy was performed with HeLa cells grown on coverslips. The cells were transfected, treated with the indicated inhibitors, starved in HBSS or not (as indicated) and thereafter permeabilized with 0.05% saponin for 5 minutes and fixed with 3% paraformaldehyde on ice for 15 minutes. Finally, the fixed cells were stained with the antibodies indicated. For PtdIns(3)P detection, HeLa cells on coverslips were starved in HBSS for the indicated times, permeabilized and fixed. The cells were thereafter stained with GST-2×FYVE-Alexa-488 (20 µg ml -1 ) and anti-Alfy antibodies, followed by the required secondary antibodies. The coverslips were examined using a Leica TCS NT confocal microscope equipped with a Kr/Ar laser and a PL Fluotar 100×/1.30 oilimmersion objective.
Electron microscopy
Correlative immunofluorescence/EM (IF/EM) was performed on HeLa cells grown on gridded coverslips (Eppendorf) and starved in HBSS for 45 minutes to maximize the number of cells with Alfypositive structures, before fixation with 3% paraformaldehyde in 0.1 M PBS for 30 minutes. They were thereafter permeabilized with 0.05% saponin (4 minutes) and subsequently labelled with rabbit antiAlfy and goat anti-rabbit-Cy3 antibodies. The cells were then observed in a Leica confocal microscope and the localization of cells with Alfy-positive structure were noted for each coverslip. For EM observation, the same coverslips were then fixed with 2% glutaraldehyde in 0.1 M phosphate buffer and postfixed with 2% OsO4, 1.5% KFeCN in 0.1 M cacodylate buffer. Thereafter, the coverslips were stained en bloc with uranyl acetate, dehydrated in ethanol and embedded in Epon. After polymerization, the coverslips were removed with 40% hydrofluoric acid and the flat specimens mounted on Epon stubs. The block was thereafter trimmed down to the regions observed on the gridded coverslips in the fluorescence microscope and sectioned parallel to the substratum at 50-70 nm section thickness. The sections were then poststained with lead citrate and observed in a Philips CM 10 microscope. For EM on cells treated with the proteasome inhibitor PSI [N-benzyloxycarbonyl-Ile-Glu(O-tbutyl)-Ala-leucinal] without prior immunolabelling, we prepared cells grown on coverslips essentially as described above. Cells were fixed in glutaraldehyde, postfixed with osmium tetroxide, stained en bloc and embedded in Epon after ethanol dehydration.. The coverslips were removed by incubation in hydrofluoric acid and the flat specimens sectioned parallel to the substratum at 50-70 nm section thickness.
RNA interference studies
Small double-stranded RNA oligonucleotides [small interfering RNAs (siRNAs)] against Alfy was ordered from Dharmacon Research (Lafayette, CO, USA) and had the sequence 5′-GUCGGGCCAUAGUUCAGUUdTdT-3′ of the sense strand, corresponding to coding nt 314-332 in the Alfy sequence plus two 3′ (2′-deoxy)thymidine overhangs. The antisense strand (5′-AACUGAACUAUGGCCCGACdTdT-3′) and the sense strand were delivered as a preannealed siRNA duplex. The scrambled siRNA oligonucleotides used as a control consisted of the same nucleotides as the Alfy siRNA oligonucleotides, only in a random order. The sequence of both oligonucleotides were checked against human expressed sequence tag (EST) sequences to make sure that they did not recognize any other known human sequences. The siRNA experiments were performed on HeLa cells that were seeded out in 10 cm dishes 1 day before the transfection in DMEM without penicillin and streptomycin. The next day, they were transfected with a mixture of oligofectamine (Invitrogen, Carlsbad, CA, USA) and siRNA duplex (Alfy siRNA or scrambled siRNA) or oligofectamine alone, in DMEM without serum, penicillin or streptomycin, with a final siRNA concentration of 0.2 µM. 4 hours after transfection, reagents were added to final concentrations of 10% FCS, 5 U ml -1 penicillin and 50 µg ml -1 streptomycin. 2 days after transfection, the cells were split equally between three 10 cm dishes without penicillin and streptomycin, and thereafter transfected again the next day. 3 days later, the cells were washed three times in HBSS and starved for the indicated amount of time, followed by lysis in potassium acetate lysis buffer (125 mM KAc, 25 mM Hepes pH 7.1, 2.5 mM Mg(Ac)2, 5 mM EGTA, 1% NP40, 1 mM dithiothreitol). After centrifugation for 10 minutes at 6000 g, 60 µg of protein from each PNS was subjected to SDS-PAGE (6% polyacrylamide), for detection of Alfy by western blotting.
Results

Cloning of Alfy, an autophagy-linked FYVE protein
To date, most FYVE-domain proteins have been found to localize to early endosomes (Stenmark and Aasland, 1999) , in line with the finding that PtdIns(3)P is highly enriched in early endosomal membranes (Gillooly et al., 2000) . Among the FYVE-domain-containing proteins with unknown functions, several have structures resembling endosomal FYVE proteins and, in order to identify a possible FYVE domain protein with a non-endosomal function, we therefore sought a protein with an unknown function whose structure was different from previously characterized FYVEdomain proteins. One of the FYVE-domain-containing sequences in the human genome was present only as a partial sequence, KIAA0993 (accession number AB023210, 1097 bp), cloned from human adult brain by the HUGE project. We noted that KIAA0993 has high sequence similarity to T23B5.2 (33% amino acid identity, alignment not shown), a hypothetical C. elegans protein that contains a BEACH domain. The function of the BEACH domain is unknown, although its structure has been solved. The BEACH domain has an unusual polypeptide backbone fold, with the peptide segments in its core not assuming regular secondary structures (Jogl et al., 2002) . We regarded this as an interesting domain because it is found in LYST (Nagle et al., 1996) , the gene product of the ChediakHigashi-syndrome locus, a genetic disease characterized by the occurrence of abnormally large lysosomes (Ward et al., 2000) . Because autophagosomes fuse with lysosomes, we regarded the full-length KIAA0993 protein as a possible candidate for a PtdIns(3)P-binding regulator of autophagy.
To study this FYVE-domain-containing protein further, we extended the KIAA0993 sequence by several rounds of 5′-RACE. Using this approach, we obtained a large full-length cDNA sequence containing 10,581 nt of open reading frame from a human brain library. The putative start codon is preceded by 398 nt of GC-rich 5′ untranslated sequence containing several in-frame stop codons, as found by sequencing of 5′-RACE products and by searching the NCBI human EST database. The cDNA is composed of 66 contigs located at chromosome 4q21 (NCBI Human Gene Map). It encodes a polypeptide of 3527 amino acids with a predicted Mr of 395 kDa and a theoretical pI of 6.56. For reasons described below, we term this new protein autophagy-linked FYVE protein (Alfy). Several forms of Alfy probably exist, because sequence heterogeneity, presumably caused by differential mRNA splicing, was observed at several sites.
The C-terminal region of Alfy contains a typical FYVE domain , five WD40 repeats (Smith et al., 1999 ) and a BEACH domain (Jogl et al., 2002) . Alfy also contains a possible TBC domain in the N-terminal part (residues 248-497), a ~200 amino acid conserved domain that has been found in a wide range of different proteins including GTPase-activating proteins (Neuwald, 1997) (Fig. 1) . The central part of Alfy (residues 1421-1743) is 56% similar and 20% identical to Atg9, a protein that is essential for autophagy in yeast and that localizes to punctate preautophagosomal structures . Even though this structural analysis predicts that Alfy might be involved in both lipid and protein interactions, it gives no further clue about the function(s) of Alfy. Preparation and characterization of antibodies against Alfy To study the intracellular localization of Alfy, we raised a rabbit antiserum against two Alfy-specific peptides located in its C-terminal part. The antibody was affinity purified on beads containing the immobilized peptides and we performed several tests to check its specificity. First, we transfected cells with a Myc-tagged C-terminal fragment of Alfy (residues 2587-3527) and analysed the cell lysate by western blotting using anti-Alfy and anti-Myc antibodies. Both antibodies stained the same major band of about 110 kDa ( Fig. 2A) , indicating that anti-Alfy does recognize transfected Alfy by western blotting. To test whether anti-Alfy recognizes Alfy by immunofluorescence microscopy, we stained the transfected cells with antibodies against Alfy and the Myc epitope. AntiMyc stained punctate structures in the cytosol (Fig. 2B) , and these colocalized strongly with structures stained with antiAlfy (Fig. 2C , overlay in Fig. 2D ). In order to investigate whether anti-Alfy recognizes the endogenous protein, we analysed membrane and cytosol fractions from untransfected HeLa cells by western blotting with anti-Alfy, using a longer exposure time than we used for transfected cells. In both fractions, we detected a band of about 400 kDa, which is close to the calculated size of Alfy, as well as a lower band of about 150 kDa, possibly representing a splice variant or a degradation product. Both bands were abolished when the antibody was preadsorbed against beads containing the two peptides that were used for immunization (Fig. 2E) . Finally, we tried to deplete cells for Alfy using a specific siRNA complementary to a sequence in the N-terminus of Alfy. Treatment of cells with this siRNA caused a significant reduction of the ~400 kDa Alfy-reactive band compared with mock-treated cells or cells treated with a scrambled RNA duplex (Fig. 2F ). Taken together, these results indicate that the antibody specifically recognizes Alfy by western blotting and immunofluorescence microscopy. 3 . In order to investigate whether Alfy is a peripheral-membrane protein, PNS from HeLa cells was treated with 0.1 M Na2CO3, pH 11, and the resulting cytosol (C) and membrane (M) fractions were subjected to 6% SDS-PAGE before immunoblotting using anti-Alfy antibodies.
Alfy is evolutionarily conserved
Alfy accumulates on cytoplasmic structures upon amino acid starvation Alfy was found to be partially associated with membranes ( Fig.  2E ) and so we investigated whether it is an integral or a peripheral membrane protein.
To this end, we incubated membranes with a high-pH buffer that should extract peripheral membrane proteins. Analysis of membrane and cytosol fractions by western blotting with anti-Alfy antibodies showed that Alfy dissociates from membranes at high pH (Fig.  3) , indicating that it is a peripheral membrane protein. This is in agreement with its primary structure, which is not predicted to contain any transmembrane segments.
The intracellular localization of the endogenous protein was studied in more detail by confocal immunofluorescence microscopy. HeLa cells stained with anti-Alfy showed nuclear localization in essentially all cells, in particular along the nuclear envelope (Fig. 4A) . Intriguingly, a small proportion (11%) of the cells had a distinct punctate staining pattern in the cytoplasm, reminiscent of that observed upon expression of the C-terminal part of Alfy. To investigate whether these structures could be related to autophagic vesicles, the cells were starved for amino acids and serum for different time periods, because this treatment has been reported to induce autophagy (Mitchener et al., 1976) . The results showed that the proportion of cells with punctate cytosolic staining increased to a maximum of 28% after 45 minutes of starvation and thereafter decreased again to the unstarved level after 2 hours (Fig. 4E) . The starved cells showed a much greater variety in the size and number of immunoreactive cytosolic structures. Small punctate structures were detected in many cells (Fig.  4C,D) , whereas a few cells contained one to three large structures (Fig. 4B) . These results suggested that induction of autophagy causes a relocalization of the Alfy protein to cytoplasmic structures.
Alfy is ubiquitously expressed
By analysis of the NCBI human EST database, we could identify ESTs representing Alfy in a wide range of tissues (liver, kidney, testis, uterus, brain, breast, prostate, intestine, lung, pharynx, nervous, placenta, ovary, marrow, head/neck, colon, hypothalamus, stomach), indicating that Alfy is ubiquitously expressed. To determine the expression of Alfy at the protein level, equal amounts (60 µg) of PNS from different human cell lines (HeLa, cervix; HepII, larynx; A431, epidermal; MCF-7, breast; U20S, osteogenic sarcoma; CaCo-2, colon; SK-N-MC, neuronal) were analysed by SDS-PAGE and immunoblotting with affinitypurified rabbit anti-Alfy. As in HeLa cells, two main immunoreactive proteins (~400 kDa and ~150 kDa) were detected in all human cell lines at similar levels (Fig. 5A) . We also analysed the distribution of Alfy in various mouse tissues, in which we only detected a large (~400 kDa) doublet immunoreactive band. The expression levels in different tissues varied (Fig. 5B) , with the highest level in brain but also detectable expression in liver, kidney, pancreas, spleen and skeletal muscle. There was also a weak expression in heart (visible upon higher exposure of blots, not shown). A similar analysis of rat tissues (not shown) indicated in addition that Alfy is highly expressed in lung. Alfy was found to be equally abundant in wild-type and Atg5-deficient (Mizushima et al., 2003) mouse embryonic stem cells (not shown), indicating that its expression is independent of an intact autophagic machinery. Taken together, the above data indicate that Alfy is ubiquitously expressed.
Alfy colocalizes with autophagic marker proteins by confocal microscopy Alfy-positive, cytosolic, vesicle-like structures were induced by starvation, so we next asked whether Alfy is localized to the autophagic pathway. The localization of the Alfy-positive structures was analysed by double-immunofluorescence microscopy of serum-and amino-acid-starved HeLa cells using various marker antibodies. There was essentially no colocalization between Alfy-positive structures (Fig. 6A,D) and a marker of early endosomes, early endosome antigen 1 (Mu et al., 1995) (Fig. 6B) . Likewise, there was only a limited colocalization with the late endosome/lysosome marker lysosomal membrane protein 1 (Chen et al., 1985) , although we did note colocalization of a few profiles (Fig. 6E) . There was no colocalization with internalized endocytic markers (transferrin and dextran) (data not shown). The weak colocalization with endocytic markers supports the hypothesis that Alfy could be involved in a different pathway, such as autophagy.
To explore further the possibility in which Alfy might be involved in autophagy, we treated cells with drugs known to affect this process. The PI-3-kinase inhibitors wortmannin and 3-methyladenine inhibit the formation of autophagosomes (Blommaart et al., 1997; Petiot et al., 2000) , whereas vinblastine, which destabilizes microtubules and thereby inhibits the fusion of autophagosomes with lysosomes, leads to an accumulation of autophagosomes and possibly also preautophagosomal structures (Hoyvik et al., 1986; Stephens et al., 1994) . Treatment with vinblastine for 2 hours with or without serum-and amino-acid-free medium for the last 45 minutes led to an increase in the proportion of cells with Alfypositive structure (Fig. 7) . This is consistent with a localization of Alfy to the autophagic pathway, which was also indicated by the fact that amino acid starvation for 45 minutes induces Alfy localization to punctate cytosolic structures (Fig. 4E) . Surprisingly, addition of the PI-3-kinase inhibitors wortmannin or 3-methyladenine to HeLa cells for 45 minutes in medium without serum and amino acids gave little or no effect on the proportion of cells with punctate Alfy staining compared with control cells (results not shown). This suggests that Alfy could be recruited to cytoplasmic structures without the need for PtdIns(3)P production by an active PI-3-kinase, implying that the Alfy-positive structures might not represent autophagosomes.
To investigate whether Alfy colocalizes with autophagic membranes, cDNAs encoding human Atg5 and LC3 were transfected transiently into HeLa cells as green fluorescent protein fusions and used as autophagic markers. Human Atg5 is required for the initial sequestration of cytosolic material (Mizushima et al., 2003; George et al., 2000) , whereas LC3 (a mammalian Atg8 homologue) localizes to the preautophagosomal structure, the isolation membrane and autophagosomes (Suzuki et al., 2001; Kabeya et al., 2000) . Endogenous Alfy protein was found to colocalize with both Atg5 (Fig. 6G-I ) and LC3 (Fig. 6J-L) , although the colocalization with LC3 was more pronounced. Taken together, our results indicate that Alfy-positive structures are localized close to autophagic membranes.
Alfy binds PtdIns(3)P in vitro and partially colocalizes with PtdIns(3)P in vivo Alfy contains a FYVE domain and so we asked whether Alfy also binds to and colocalizes with PtdIns(3)P. To investigate whether Alfy could bind PtdIns(3)P, cytosol from HeLa cells was incubated with liposomes containing an equal mixture of phosphatidylserine and phosphatidylinositol, in the presence or absence of 5% PtdIns(3)P, included at the expense of phosphatidylinositol. Cytosolic Alfy protein was found to bind to PtdIns(3)P-containing liposomes, and little or no binding was detected to liposomes lacking PtdIns(3)P, as determined by western blotting with an anti-Alfy antibody (Fig. 8A) . This indicates that cytosolic Alfy can bind to PtdIns(3)P-containing membranes.
To investigate whether the FYVE domain of Alfy can bind directly to PtdIns(3)P and whether this binding is specific, we purified the recombinant FYVE domain of Alfy as a GST fusion protein and measured its binding to various lipids immobilized on nitrocellulose. As a negative control we used GST alone and, as a positive control, we used a tandem FYVE domain from Hrs (2×FYVE), which has a well-documented ability to bind specifically to PtdIns(3)P (Gillooly et al., 2000) . As shown in Fig. 8B , GST-2×FYVE bound specifically to PtdIns(3)P, as expected, whereas no significant lipid binding was detected with GST alone. The GST-tagged FYVE domain of Alfy bound strongly to PtdIns(3)P, whereas a weaker binding to PtdIns(3,5)P2 could also be detected. Upon higher exposure of the blot, we could also detect some binding to PtdIns(4)P and PtdIns(5)P (not shown). However, because binding of GST-2×FYVE to PtdIns(4)P, PtdIns(5)P and PtdIns(3,5)P2 could also be detected at higher exposure (not shown), we consider this binding to be non-specific. We conclude that the FYVE domain of Alfy, similar to other FYVE domains tested, binds preferentially to PtdIns(3)P in vitro.
Next, we investigated whether the Alfy-positive structure would also colocalize with PtdIns(3)P. HeLa cells were starved for 45 minutes and then co-stained with an Alexa-488-labelled 2×FYVE probe and anti-Alfy antibody. Confocal immunofluorescence showed that some of the Alfy-positive structures colocalized partially with PtdIns(3)P-containing areas in the cells (Fig. 8C) . Thus, although PtdIns(3)P formation does not seem to be necessary for the starvationinduced formation of these structures (see above), they might transiently contain PtdIns(3)P or be localized very close to PtdIns(3)P-containing structures. The reason why Alfy is not recruited to endosomes in vivo through PtdIns(3)P binding is not clear. However, most FYVE proteins need either dimerization or additional binding to endosomal proteins in order to be targeted to endosomes .
Alfy localizes to characteristic filamentous structures in the cytoplasm Our immunofluorescence colocalization experiments suggested that cytoplasmic Alfy localizes close to autophagic membranes. In order to determine the ultrastructure of the Alfy-positive structures and how they relate to the autophagic pathway, we sought to visualize them by EM. Because our antiAlfy antibody gave an unsatisfactory labelling of cryosections (not shown), we attempted to visualize Alfy by correlative IF/EM of starved HeLa cells grown on gridded coverslips. The cells were first labelled with anti-Alfy antibody and observed by immunofluorescence microscopy (Fig. 9A) . Cells with Alfy-positive structures were then localized on the coverslip (Fig. 9A, arrowheads same cells observed further by EM (Fig. 9B) . Our results indicate that most starvation-induced Alfy-positive structures consist of a filamentous protein meshwork without any detectable limiting membrane (Fig. 9C-F) . We noted that rough endoplasmic reticulum (ER) often seemed to be in close contact with the Alfy-positive structures (Fig. 9C-D,  arrowheads) . On a few occasions, we found autophagic structures resembling isolation membranes or autophagosomes attached to the Alfy-positive structures (Fig. 9E, double arrow) .
Proteasome inhibitor increases the number of Alfypositive structures and reveals the presence of similar structures within autophagosomes Degradation of cytosolic proteins occurs both by proteasomes and by autophagy (Ravikumar et al., 2002; Qin et al., 2003) . Inhibition of proteasomal function might upregulate autophagic protein degradation in order to maintain cellular amino acid homeostasis. Therefore, if Alfy plays a role in autophagic protein degradation, its activity might be upregulated when proteasomal proteolysis is inhibited. To investigate this, we treated cells with the proteasome inhibitor PSI (Traenckner et al., 1994; Wojcik et al., 1996) and stained them for confocal immunofluorescence microscopy with anti-Alfy antibodies. Strikingly, whereas cytoplasmic Alfypositive structures were only observable in a small proportion of the untreated cells (Fig. 10A , see also Fig. 4E ), more than 95% of the PSI-treated cells showed many Alfy-positive structures in their cytoplasm (Fig. 10C) . This is consistent with the idea that Alfy could be involved in turnover of cytosolic proteins. Because intracellular protein aggregates often contain ubiquitin (Johnston et al., 1998; Kopito, 2000) , we co-stained PSI-treated cells using an antibody (FK2) that recognizes conjugated mono-and polyubiquitin. As shown in Fig. 10A -D, Alfy-positive structures in untreated and PSI-treated cells colocalized with ubiquitin. Upon higher magnification of the confocal images, it appeared that this colocalization was not absolute -it rather appeared as though an Alfy meshwork was interwoven in the ubiquitin-containing protein aggregates (Fig.  10E ). This indicates that Alfy-positive structures are not identical to ubiquitin-containing protein aggregates even though they tend to colocalize with such structures.
To investigate the morphology of Alfy structures and surrounding membranes in ultrastructurally better preserved tissue than the samples obtained from the correlative IF/EM experiments, we prepared PSI-treated cells for conventional plastic embedding. Interestingly, in PSI-treated cells, we often observed Alfy-like structures enclosed by double membranes (Fig. 11A,B ) and in autophagosome- (Fig. 11C ) or autolysosome-like structures (Fig. 11D ). This suggests that Alfy-positive structures are targeted to autophagosomes and is consistent with the idea that Alfy might function as a scaffold protein for autophagic degradation of protein aggregates.
Discussion
In this work, we have identified Alfy, a novel PtdIns(3)Pbinding protein that colocalizes with protein granules and autophagic membranes. Because Alfy is ubiquitously expressed, it is likely to be involved in a process that takes place in most tissues. (A,B, arrowheads) . The same cells were thereafter localized on EM using the grid on the coverslip (B). The Alfypositive structures detected by immunofluorescence (A) could also be detected at the EM level (B), making it possible to study these structures at a higher resolution (D corresponds to structure 2 and C corresponds to structure 1). This showed that Alfy localizes to a novel filamentous structure (C,D, arrows) that, in some cases, localized close to rough ER membranes (C,D, arrowheads). Occasionally, we observed double-membrane structures embedded within the Alfy-positive structures (E, arrows). The filamentous nature of Alfy structures becomes more evident at a higher magnification (F). Abbreviation: Nu, nucleus. Fig. 10 . Cytoplasmic Alfy-positive structures partially colocalize with ubiquitin-containing profiles and are induced by a proteasome inhibitor. HeLa cells were treated with 50 µM PSI or left alone for 5 hours and then further chased for 18 hours without PSI in the medium. Cells were then double labelled against Alfy (red) and ubiquitin (antibody against mono-and polyubiquitin, FK2; green). In both control cells (A,B) and treated cells (C,D), we observed an apparent colocalization between Alfy and ubiquitin. The number of labelled structures had dramatically increased in the PSI-treated cells (C,D). A closer observation of Alfy-positive structures at high magnification revealed that the markers did not completely colocalize. It was especially evident that some Alfy labelling seemed to extend beyond the ubiquitin-labelled area (E, arrowheads).
autophagic membranous structures such as isolation membranes and autophagosomes. Recently, a novel pre-autophagosomal structure containing both Atg5 and LC3 has been identified in yeast Suzuki et al., 2001) . EM studies of this structure, like our studies of the Alfy-positive structure, have failed to show a definite membrane corresponding to the structures observed using immunofluorescence microscopy (Suzuki et al., 2001 ). Because we found that the Alfy-positive structure also contains both human Atg5 and LC3, it is possible that the starvation-induced cytoplasmic Alfy-positive structure are the mammalian equivalent of the preautophagosomal structure identified in yeast. However, because the formation of preautophagosomal structures (Suzuki et al., 2001 ), but not of Alfy-positive structures, requires PI-3-kinase activity, we find it more likely that Alfy-positive structures are distinct from pre-autophagosomal structures. In any case, Alfy possibly has an early involvement in autophagy, because the proportion of Alfypositive structure-positive cells is maximal after only 45 minutes of starvation and is decreased to the unstarved level after 2 hours. By contrast, the amount of autophagosomes has previously been shown to be maximal after 3 hours (Mitchener et al., 1976) . The localization of Alfy to the early autophagic pathway opens the possibility that Alfy could play a role in the formation of the membranes that become the isolation membrane. The FYVE domain might be involved in recruiting PtdIns(3)P-containing membranes formed elsewhere to the Alfy-positive structure, where they would acquire autophagic marker proteins like Atg5 and LC3, and thereafter form elongation membranes.
Degradation of cytoplasmic proteins can occur by proteasomal proteolysis or by autophagy (Webb et al., 2003) . Autophagy appears to be important in order to prevent the formation of protein deposits in the central nervous system, possibly because large protein aggregates are inefficiently degraded by proteasomes (Ravikumar et al., 2002) . This raises the interesting possibility that autophagy in neurons might counteract neurodegenerative diseases. Treatment of cells with the proteasome inhibitor PSI caused a strong increase in the number of cells with cytoplasmic Alfy-positive structures. Although this could mean that Alfy-positive structures are normally degraded by proteasomes, we favour an alternative explanation. A block in proteasomal degradation causes a strong increase in cytoplasmic protein aggregates that localize close to Alfypositive structures. The presence of similar structures within autophagosomes leads us to speculate that the PSI-induced Alfy labelling could represent an increased cytoplasmic recruitment of Alfy, and a role in autophagy, rather than a decreased degradation.
If Alfy is indeed associated with autophagy, what might its role be? Despite several attempts, we have only obtained a limited knockdown of the expression of Alfy by RNA interference (Fig. 2F) , so it might take some time before a detailed functional analysis becomes feasible. However, a recent paper describes the putative Drosophila homologue of Alfy, Blue Cheese (BCHS), and highlights its physiological importance (Finley et al., 2003) . Interestingly, bchs mutant flies are viable but have a reduced lifespan owing to agedependent formation of ubiquitin-positive protein aggregates in their central nervous system. The fact that bchs mutant flies accumulate protein aggregates is consistent with the idea that Alfy is a regulator of a degradative pathway. Because BCHS/Alfy is not essential for Drosophila development and no overt Alfy homologue can be identified in S. cerevisiae, Alfy is probably not part of the basal machinery for autophagy. We speculate that Alfy might be a regulator of selective autophagy for certain cytoplasmic protein aggregates that are inefficiently degraded by proteasomes. Fig. 11 . Alfy-like structures are found inside autophagic structures. In order to understand the morphology of Alfy structures more clearly, we treated cells with 50 µM PSI (5-hour pulse followed by 18-hour chase) and prepared them by conventional plastic embedding for EM. We observed filamentous meshworks resembling Alfypositive structures (asterisk in all micrographs) close to (A, double arrow) or seemingly engulfed by double-membrane structures (B, double arrow). These membranes probably represent ER membranes, as indicated by their continuity with the nuclear envelope (A, arrowheads). The double membranes could form structures resembling autophagosomes (C, double arrow). A more autolysosome-like vesicle with only one limiting membrane (arrowhead) is seen in (D). Abbreviations: Aut, autophagosome; Nu, nucleus.
Alfy could bind to these structures and, by recruiting components of the autophagic machinery, mark protein aggregates for autophagic degradation. Further work is required in order to determine whether ubiquitination of protein aggregates plays a role in their recruitment of Alfy or whether Alfy recognizes other determinants. It will also be interesting to study whether the protein aggregates exist permanently or are induced by starvation. Because the phenotype of bchs mutant Drosophila is reminiscent to human neurodegenerative diseases (Finley et al., 2003) , future studies of Alfy might shed light on the molecular mechanisms of such diseases.
